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OBJECTIVE: To develop public health adaptation strategies and to project the impacts of climate
change on human health, indicators of vulnerability and preparedness along with accurate surveil-
lance data on climate-sensitive health outcomes are needed. We researched and developed environ-
mental health indicators for inputs into human health vulnerability assessments for climate change
and to propose public health preventative actions.

DATA SOURCES: We conducted a review of the scientific literature to identify outcomes and actions
that were related to climate change. Data sources included governmental and nongovernmental
agencies and the published literature.

DATA EXTRACTION: Sources were identified and assessed for completeness, usability, and accuracy.
Priority was then given to identifying longitudinal data sets that were applicable at the state and
community level.

DATA SYNTHESIS: We present a list of surveillance indicators for practitioners and policy makers that
include climate-sensitive health outcomes and environmental and vulnerability indicators, as well as
mitigation, adaptation, and policy indicators of climate change.

CONCLUSIONS: A review of environmental health indicators for climate change shows that data
exist for many of these measures, but more evaluation of their sensitivity and usefulness is needed.
Further attention is necessary to increase data quality and availability and to develop new surveil-
lance databases, especially for climate-sensitive morbidity.
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The Intergovernmental Panel on Climate
Change (IPCC) projected that changes in
temperature, precipitation, and other weather
variables due to climate change “are likely to
affect the health status of millions of people,
particularly those with low adaptive capacity”
(IPCC 2007) and stated that they had “very
high confidence” that climate change is “cur-
rently contributing to the global burden of
disease and premature deaths” (Confalonieri
et al. 2007). In the United States, individual
states have become the leaders in establishing
carbon dioxide mitigation policies and adap-
tive public health programs because the estab-
lishment of a coherent U.S. mitigation policy
has stalled. An example of current statewide
efforts to mitigate greenhouse gases (GHGs)
is the notable California legislation AB32,
which mandates that greenhouse gas emissions
(GHGEj) be reduced to 1990 levels by 2020
and decreased another 80% below 1990 levels
by 2050 (State of California, 2006). Other
states are now following California’s lead.
Unfortunately, because of previous sub-
stantial emissions, even the most optimistic
reduction scenarios project that over the next
few decades substantial increases in tempera-
ture and other weather changes will occur that
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will have large impacts on public health. For
example, climate models predict that the world
is expected to warm 0.5-1.0°C over the next
several decades due to past emissions alone
(Meehl et al. 2005; Wigley 2005). Under this
scenario, increased focus on adaptive public
health responses at the local level will be critical.

To develop public health adaptation strat-
egies, evaluate their success, and project the
impacts of climate change on human health,
indicators of vulnerability and preparedness,
along with accurate surveillance data (usually
generated by state and federal environmental
and health agencies) on climate-sensitive health
outcomes, are urgently needed. These outcomes
are important for assessing human health vul-
nerability to climate change (Ebi et al. 2006),
for developing dose—response models (Diaz
2004), and for proposing public health preven-
tative actions (Frumkin et al. 2008; Patz 2000).
Measures of climatic fluctuations associated
with climate change, such as increases in night-
time temperatures, can be used to develop early
warning systems of weather patterns that can
have adverse health outcomes.

The Council of State and Territorial
Epidemiologists (CSTE), a U.S. professional
association of public health epidemiologists,
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established the State Environmental Health
Indicators Collaborative (SEHIC) in 2004.
SEHIC comprises a group of state-level
environmental health practitioners interested
in developing environmental public health
indicators for use within environmental health
surveillance and practice. The SEHIC first
focused on developing indicators for air qual-
ity, asthma, and drinking water. Last year, it
established a workgroup on climate change.
This article presents the initial findings of
that workgroup.

Materials and Methods

Indicators are quantitative summary measures
that can be used to track changes in condi-
tions by person, place, and time. The purpose
of environmental health indicators as estab-
lished by the SEHIC is to describe elements
of environmental sources, hazards, exposures,
health effects, and intervention and preven-
tion activities. Indicators can be used to assess
positive and negative environmental determi-
nants of health in order to identify areas for
intervention and prevention and to evaluate
the outcomes of speciﬁc policies or programs
aimed at improving public health. Thus, indi-
cators serve as important communication
tools for making environmental health infor-
mation available to stakeholders, including
environmental health practitioners, partners,
policy makers, and the general public.

The SEHIC began with a comprehensive
review of the scientific literature to identify
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outcomes and actions related to climate change
that could inform recommendations about the
development of a “suite” of climate change
environmental health indicators. Priority was
then given to identifying longitudinal data
sets that were applicable at the state and com-
munity level. The workgroup recognized that
indicators are needed to measure current vul-
nerability to climate variability and change.
Indicators also are needed to track possible
changes in health outcomes to determine if
climate change is actually affecting their geo-
graphic range and incidence. For example,
health officials are concerned that a chang-
ing climate is influencing the range of Aedes
aegypti mosquitoes, the vector for dengue
fever, because human cases of this tropical
disease are increasingly found in more north-
ern latitudes (Shope 1992). Some indicators
are measures of environmental variables that
can directly or indirectly affect human health,
such as maximum and minimum tempera-
ture extremes. Other indicators can be used to
project future health impacts based on changes
in exposure, assuming exposure—response rela-
tionships remain constant over temporal and
spatial scales. Based on this reasoning, we cate-
gorized four indicators: environmental, mor-
bidity and mortality, vulnerability, and policy
(i.e., implementation of adaptation and miti-
gation programs and activities). We identified
potential data sources through web searches
and by contacting data owners. Analysis of the
documentation for each data source was con-
ducted to determine data temporality, com-
pleteness, and availability. Table 1 lists the
proposed indicators.

Results

Environmental indicators. GHGE/air qual-
ity. According to the U.S. Environmental
Protection Agency (EPA), total U.S. GHGE:s
were 7,260 teragrams (Tg; millions of metric
tons) of CO; equivalents (Eq) in 2005, up
16% from 1990 (U.S. EPA 2008). Increased
temperatures, combined with primary emis-
sions, sunlight, and air mass stagnation events,
are expected to result in increased produc-
tion of ozone (O3 ) (Ebi et al. 2008; Leung
and Gustafson 2005); projections for par-
ticulate matter are less consistent. The latest
research indicates that O3 concentrations are
estimated to increase 5-10% in the United
States between now and the 2050s (and pos-
sibly 2.5-5% by 2030) because of climate
change, if anthropogenic emissions and global
background concentrations are held constant
(Kinney 2008).

We recommend that GHGE and air mass
stagnation events be tracked as indicators of air
quality changes associated with climate variabil-
ity. GHGE: are important indicators because
they increase climate change and affect public
health through direct effects such as heat waves,
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and through indirect effects such as increased
growth of plant biomass that affects allergic air-
way disease. Air mass stagnation events, which
increase O3 production and will increase in
frequency as weather conditions favorable to
heat waves increase (CCSP 2008), are another
important indicator. The National Climatic
Data Center (NCDC) has proposed climate
impact indicators that include an air mass stag-
nation index. A stagnation day is defined as
one with sea-level geostrophic wind < 8 m/sec,
500 millibars (mb) wind < 13 m/sec, and no
precipitation (Wang and Angell 1999), and
although not directly related to pollutant emis-
sions, air stagnation days can exacerbate the
effects of existing air pollution. GHGEs (CO,)
by economic sector are easily obtainable by
state from the U.S. EPA (2009), and air mass
stagnation events are available by request from
the NCDC (2009).

Although O3 levels themselves are expected
to increase, it will be difficult to determine
which proportion of increase of O3 is attribut-
able to elevated warming from climate change
and which is due to anthropogenic sources,
such as population and industrial growth
with concomitant emissions from mobile
and stationary sources. Modeling is needed
to determine the temporal increase in O3,
after controlling for industrial and population
growth and any increase in pollution controls.

Temperature/humidity. Along with higher
temperatures, the IPCC has noted that surface
specific humidity has generally increased glob-
ally after 1976 (IPCC 2007). Both high tem-
peratures and humidity increase an individual’s
risk of heat illness. Increasing temperatures
directly raise body temperature, and increased
humidity slows cooling of the body by decreas-
ing sweat evaporation. Along with maximum
temperatures, nighttime (minimum) tempera-
tures are important to track for public health
effects, because physiologic recovery from day-
time heat is hampered if temperatures during
the night do not decrease sufficiently. Vose
et al. (2005) found that between 1950 and
2004, minimum global temperatures increased
more rapidly than did maximum tempera-
tures (0.204°C/decade vs. 0.141°C/decade)
and resulted in a significant decrease in diurnal
temperature range (-0.066°C/decade).

We recommend the following indicators
to track for temperature: maximum tempera-
ture, minimum temperatures, and apparent
temperature. Apparent temperature, or the use
of a heat index, which combines humidity and
temperature, is important in looking at mor-
tality effects (Zanobetti and Schwartz 2008),
and humidity may even become significant
in drier areas of the United States as air mass
moisture characteristics play a larger role dur-
ing regional heat wave events. Temperature
data are easily obtainable from the NCDC but
require some processing effort.

Pollen. Increasing CO, levels have been
shown in laboratory and field studies to
increase plant biomass and to raise the pollen
production of ragweed (Rogers et al. 2006).
For example, Ziska and Caulfield (2000) found
that CO, levels of 600 ppm projected for
the middle to the late 21st century produced
up to 320% more pollen in ragweed than in
plants grown at preindustrial levels (280 ppm).
Geographic areas with high levels of O3 and
pollen from ragweed could cause cumulative
impacts on populations; one report estimated
that as many as 131 million Americans cur-
rently live in such areas (Knowlton et al. 2007).

We recommend the following indicators:
pollen loads (if available or through modeling)
and the presence of ragweed. Routine data
for pollen loads are collected by the National
Allergy Bureau (NAB). However, the spatial
coverage of the monitoring stations is sparse.
To obtain more complete coverage of pollen
levels for the United States, either modeling or
the use of satellite imagery to generate detailed
land use coverage (to project the distribution
of ragweed) would be necessary. However,
more complete coverage via remote sensing
would not provide real-time airborne pollen
data, so it would be preferable to increase the
number of pollen-monitoring stations.

The presence of ragweed by county is
available through the U.S. Department of
Agriculture (USDA) Natural Resources
Conservation Service PLANTS database
(USDA 2009) and the Global Biodiversity
Information Facility (2009) and could serve
as an interim indicator.

Wildfires. Increased temperatures will
result in an increased frequencies of wildfires
that, in turn, will elevate particulate matter
levels (Kinney 2008). Large-scale wildfires
and biomass burns have also been known to
increase ground-level O3 concentrations (Jaffe
et al. 2008; Val Martin et al. 2006; Thompson
et al. 2001). The smoke, particulate matter,
and O3 precursors from fires can affect local
populations as well as those at long distances
from the fire’s origin (Colarco et al. 2004;
DeBell et al. 2004). Besides increased tempera-
tures, higher CO; levels are likely to contribute
to higher plant biomass (“CO, fertilization”),
which could increase the potential for wildfires
(Arizona Cooperative Extension 20006).

Wildfire risk is likely to vary regionally
with projected increases in the frequency,
severity, distribution, and duration in the U.S.
Southeast, the Intermountain West, and West
(Committee on Environment and Natural
Resources 2008). For example, in California,
early snowpack melt due to warmer spring
temperatures results in a longer and drier wild-
fire season, which is exacerbated by drought
conditions. Analysis of wildfires trends has
shown that wildfire activity in the western
United States became more prevalent in the
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Table 1. Proposed environmental health indicators for climate change.

Environmental health indicators of climate change

Indicator

Data source

Years available

Limitations

Environmental indicators
GHGEs
Stagnation air mass events
05 estimates due to climate change

Maximum and minimum temperatures,
heat index
Increase in heat alerts/warnings

Pollen counts, ragweed presence

Frequency, severity, distribution, and
duration of wildfires
Droughts: SPI, SWSI

HABs: human shellfish poisonings, HAB
outbreak monitoring in freshwater and
ocean waters

Morbidity and mortality indicators

Excess mortality due to extreme heat

Excess morbidity due to extreme heat

No. of injuries/mortality from extreme
weather events

Human cases of environmental infectious
disease/positive test results in
reservoirs/sentinels/vectors

Respiratory/allergic disease and mortality

related to increased air pollution and
pollens

Vulnerability indicators

Elderly living alone, poverty status, children,

infants, and individuals with disabilities

Flooding vulnerability (elderly, those in
poverty, infants, and disabled living in
100- and 500-year flood zones)

Sea level rise vulnerability (population by
county within 5 km of coast with “very
high” vulnerability to sea level rise)

Mitigation indicators

Energy efficiencies

Use of renewable energy

No. of vehicle miles traveled

Adaptation indicators
Access to cooling centers
No. of heat wave early warning systems

No. of municipal heat island mitigation plans
No. of health surveillance systems related

to climate change
Public health workforce available/trained

in climate change research/ surveillance/

adaptation
Policy indicators
No. of cities/municipalities covered by
Kyoto protocol

No. of states/cities participating in climate

change initiatives

U.S. EPA 2009
NOAA 2009b

Bell et al. 2007; Ebi and McGregor 2008;
Knowlton et al. 2004; Shea et al. 2008;
Thompson et al. 2001; Val Martin et al.
2006

NCDC 2009a

NOAA 2009c; NWS 2009

Global Biodiversity Information Facility
2009; NAB 2009; SDI Health LLC 2009;
USDA 2009

National Interagency Fire Center 2009

NDMC 2006

Specific states: NOAA 2009a

CDC 2009g
CDC 2009b; CMS 2009

CDC 2009g; CRED 2009; NCDC 2009b

CDC 2009e

Bell et al. 2007; Confalonieri et al. 2007;
D'Amato and Cecchi 2008; Ebi and
McGregor 2008; Ebi et al. 2006; Gamble
et al. 2008; Kinney 2008; Knowlton et al.
2004; Shea et al. 2008

CDC 2009a

FEMA 2009; U.S. Census 2009

USGS 2000

Department of Energy 2009
Department of Energy 2009
Department of Energy 2009

Surveys (no surveys are currently available)
Surveys
Surveys
Surveys

Surveys

U.S. Conference of Mayors Climate
Protection Center 2009
ICLEI 2009

1990-2005
1948—present
NA

1900—present
1993—present

Varies by source

1960-2007
1901—present

Ongoing

1968-2005

AHRQ HCUPnet hospitalization
data availability vary for 30 states
between 1997 and 2006, and
ED data are available for seven
states for 2005

CRED, 1900—present; NCDC,
1993—present; NCHS, 1968-2005

West Nile virus, 1999—present;
Lyme disease, 1992—present

NA

1960-2000 (U.S. Census);
1984—present (BRFSS)
1960-2000 (U.S. Census)

NA

1978-2001
2002-2006
1983-1993

NA
NA
NA
NA

NA

NA

NA

Lists emissions from fossil fuels only
Not applicable
Based on modeling

Temperature monitors not always
present in population centers

Data completeness and accuracy
questionable

Limited number of pollen-monitoring
stations (only 78 report to the National
Allergy Bureau)

Not applicable

Need to analyze precipitation data
available from NCDC

Shellfish poisonings are underreported
and misdiagnosed; there is limited
monitoring of freshwater HAB outbreaks

Not applicable

Coverage only for low-income and
Medicaid files, and elderly in Medicare;
AHRQ files not complete for all states;
BioSense has limited coverage of
participating facilities

Underreporting and inconsistencies in
reporting in U.S. data sources

Limited data on range of vector for Lyme
disease

Based on modeling

Needs to be coupled with heat exposure
data

Flood plain maps are undergoing digital
revisions

NA

NA

NA

NA

NA

NA

NA

Abbreviations: AHRQ, Agency for Healthcare Research and Quality; BRFSS, Behavioral Risk Factor Surveillance System; CRED, Centre for Research in the Epidemiology of Disasters;
FEMA, Federal Emergency Management Agency; ICLEI, International Council for Local Environmental Initiatives; NA, not applicable; SPI; standardized precipitation index; SWSI,
surface water supply index; USGS, U.S. Geological Survey. Data from the State Environmental Health Indicators Collaborative, Council for State and Territorial Epidemiologists

(unpublished data).
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mid-1980s, with greater frequency and dura-
tion, and longer wildfire seasons (Westerling
et al. 2006). As warmer and earlier springs are
projected with climate change, more wildfires
may result in significant loss of carbon sink,
along with increased levels of CO,.

Data from the National Interagency
Fire Center (2009) can be used to monitor
national wildfire trends. Recommended indi-
cators include examining the frequency, sever-
ity, distribution, and duration of wildfires.
Suggested measures include the annual area
burned and the average yearly increase in the
proportion of acres burned. More research is
needed to determine which is the appropriate
baseline year for analysis, but it most likely
would be limited to the earliest year of data
available (Table 1).

Drought. Drought indicators should be
monitored by public health officials because
drought is associated with degraded water
quality and quantity, waterborne disease, and
food safety, among other concerns (Georgia
Water Advisory Group 2007).

There is no single indicator for drought.
Several indices are available, including per-
cent of normal, the standardized precipita-
tion index (SPI), the Palmer Drought Severity
Index, and the surface water supply index
(SWSI) [National Drought Mitigation Center
(NDMC) 2006]. The NDMC uses the SPI
because it can project emerging droughts
sooner than other indices. It is recommended
that the SWSI be used in western states, where
water quantity and quality are dependent on
snow pack levels. Therefore, we recommend
that the SPI and SWSI be used as climate
change drought measures. Several web-based
tools exist for monitoring drought and its
effects, such as the NDMC’s Drought Impact
Reporter (2009), which monitors drought
effects on agriculture, water/energy, environ-
ment, fire, and social factors.

To assess the impact of drought on human
populations, Falkenmark et al. (1989) used
water scarcity (water supply < 500 m3/person)
and water stress (water supply < 1,000 m3/
person) as indicators.

Harmful algae blooms. A worldwide
increase in cyanobacterial (blue-green algae)
sources has been observed in both coastal and
freshwaters (Hallegraeff 1993; Moore et. al.
2008). These harmful algae blooms (HABs),
which produce nerve and liver toxins, are lon-
ger in duration, of greater intensity, and are
suspected of being tied both to increased tem-
peratures due to climate change and nutrient
runoff. Exposure to marine toxins has resulted
in death and poisonings of California sea lions
and Florida alligators. Human exposure is of
concern through both drinking water con-
tamination and recreational exposure. Human
exposure to HABs can cause eye and skin irri-
tation, vomiting and stomach cramps, diarrhea,

1676

fever, headache, pains in muscles and joints,
and weakness. Chronic exposure in drinking
water supplies is suspected to have links with
liver damage and cancer (Svircev et al. 2009).
Potential indicators include shellfish
poisoning and blue-green algae and red tide
outbreaks. OQutbreaks of shellfish poisonings
and red tides in the ocean could be moni-
tored, along with blue-green algae outbreaks
in freshwater. Shellfish poisoning outbreaks in
humans, however, are typically underreported
and often misdiagnosed. The National
Oceanic and Atmospheric Administration
(NOAA) maintains a Harmful Algae Bloom
Forecasting System (NOAA 2009a) that
tracks the location, extent, and potential
movement of HABs in the Gulf of Mexico.
Monitoring freshwater HAB outbreaks has
focused mainly on the Great Lakes, although
some states monitor outbreaks, along with
local beach and surface water closings, for
shellfish contamination or red tides.
Morbidit_y and mortality indicators.
Mortality and morbidity from extreme heat.
The IPCC projects with “virtual certainty”
that climate change will cause more fre-
quent, more intense, and longer heat waves.
It also notes with “medium confidence” that
the number of heat wave deaths will increase
(medium confidence arose because of uncer-
tainty regarding physiologic and societal adap-
tation) (Confalonieri et al. 2007). All heat
wave deaths are preventable. They are, how-
ever, difficult to identify because few deaths
are recorded as heat-related during a heat wave
compared with retrospective analyses (Shen
et al. 1998). For similar reasons, heat illness
is rarely listed as a primary cause of death on
death certificates for deaths that occur in hos-
pitals or emergency rooms (ERs). For instance,
heart failure or respiratory conditions may be
listed as the primary cause, with heat illness
as a contributing factor. Until recently, little
research and data have been available on mor-
bidity effects from hyperthermia. Data recently
became available on ER visits for analysis in
some states. For example, Knowlton et al.
(2009) found that 16,166 excess ER visits and
1,182 excess hospitalizations occurred in 2006
during the 2-week heat wave in California.
We recommend indicators for mortality
and morbidity from extreme heat to include
excess mortality and morbidity. Mortality data
at a statewide level are available from CDC's
National Center for Health Statistics NCHS),
which defines a death as heat-related when
heat is the underlying or contributing cause
of death. To document the full impact of a
heat event on mortality, it is important to
calculate the excess mortality associated with
an event because some deaths would have
occurred regardless of the weather conditions.
Excess mortality can be calculated by compar-
ing the number of deaths during an extreme

temperature event with those during a refer-
ence period that has been matched by day of
the week and other potentially confounding
factors, or by using a time-series approach. For
example, during the California 2006 heat wave,
655 excess all-cause deaths occurred, a statisti-
cally significant increase of 6% [RR = 1.06;
95% confidence interval (CI), 1.03-1.09]
(Hoshiko et al. 2009). During the same time
period in 2007, only 140 deaths were reported
on coroners’ reports (Trent 2007).

On a national scale, Medicare and Medicaid
data are available to analyze the morbid-
ity impact of heat waves on poor and elderly
populations. Other vulnerable populations,
such as non-Medicaid children, are not cov-
ered by these data. The Agency for Healthcare
Research and Quality (AHRQ) provides access
to community hospital inpatient and ER data
through its Healthcare Cost and Utilization
Project (HCUP). Data from some participating
states are publicly available through HCUPnet,
an online access point for HCUP (AHRQ
2009). Through HCUPnet, hospitalization
data are available for 30 states, but coverage var-
ies between 1997 and 2006 (most recent year
available). Just 7 states provide access to their
ER data through HCUPnet and are currently
available only for 2005.

In addition, it is important to track the
presence and effectiveness of heat wave early
warning systems, because they are critical
determinants of the extent of mortality during
a heat wave. Further, development of such sys-
tems and local heat response emergency plans
will be critical for adaptation for chronic heat
stress (McGeehin and Mirabelli 2001).

Extreme weather event injuries and
mortality. Increases in heavy precipitation
related to climate change and earlier regional
snow melt and temperature variability raise
risks of flooding and related community dis-
placement and injuries. Strong Atlantic hur-
ricanes are projected to increase in intensity,
and strong cold weather storms are expected
to become more frequent (CCSP 2008). After
Hurricane Katrina, approximately 17,500
case reports were filed in hospitals and acute
care clinics in the greater New Orleans area,
with 51.6% infectious and noninfectious
disease related and 26.2% injury related
[Centers for Disease Control and Prevention
(CDC) 2006a]. There were 971 deaths from
Katrina in Louisiana, with drowning, injury
and trauma, and heart conditions the lead-
ing causes of death (Eavey and Ratard 2008).
Other post-Katrina events exacerbated pre-
existing chronic conditions from population
displacement, mental health issues, and infec-
tious disease (CDC 2006b). Floods are the
most frequent natural disaster in the United
States and, before Katrina, accounted for
40% of all natural disaster damage and injury
(Greenough et al. 2001). A review of National
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Weather Service (NWYS) flash-flood—related
deaths in the United States from 1969 to
1981 found that 1,185 deaths occurred dur-
ing 32 flash floods (French et al. 1983).

We recommend mortality from flooding
and storms for indicators in this area. These
data are available from the Emergency Events
Database (EM-DAT) at the country level from
the Centre for Research in the Epidemiology
of Disasters (CRED) in Belgium (CRED
2009). Data are compiled from various sources,
including United Nations agencies, govern-
ments, and the International Red Cross. In the
United States, the NWS and NOAA report
state-level summary statistics on injuries and
mortality resulting from extreme weather events
in their storm events data reports. Health data
are likely to be severely underreported because
these agencies rely heavily on newspaper and
other media reports for information. We exam-
ined national death files (CDC 2009¢) for
injury codes citing “victim of flooding” (X32)
and found only 12 deaths reported nationwide
in 2005. This finding suggests that this code
is not used routinely on death certificates and
that other diagnoses are used as primary cause
of death in these cases. At this time, no domes-
tic surveillance database exists for deaths and
injuries for extreme weather events.

Environmental infectious disease. Climate
change may affect the geographic range and
incidence of several environmental infectious
diseases, including West Nile encephalitis,
Lyme disease, coccidioidomycosis (“valley
fever”), dengue fever, and human hantavirus
cardiopulmonary syndrome (HCPS). Cases
of dengue fever have been found at the
U.S./Mexico border. The southern and south-
eastern United States are considered at risk
for the illness because of the presence of the
mosquito vector Aedes aegypti and the emerg-
ing vector A. albopictus.

Recommended indicators include human
cases of West Nile virus (WNV; along with
the number of positive tests for mosquito and
sentinel species), Lyme disease, dengue fever,
coccidioidomycosis, and HCPS. Surveillance
data for human cases of environmental infec-
tious diseases and disease vectors and reservoirs
are routinely collected by state programs and
reported to CDC’s ArboNET surveillance sys-
tem. Several environmental infectious diseases
have been cited in the literature as likely to
undergo a change in the quantity of human
disease cases, or in the geographic range of vec-
tors or reservoirs as a result of climate change.
Human cases of WNV have been mapped
by the U.S. Geological Survey (USGS) using
data submitted to the ArboNET program (also
available are St. Louis encephalitis, western
equine encephalitis, eastern equine encephali-
tis, La Crosse encephalitis, and Powassan virus
for various years) (USGS 2009). Historical data
for WNV are available back to 1999. Trends in
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human cases of WNV disease vary by region.
For example, California had a total of 380
WNV human symptomatic cases in 2007,
278 in 2006, and 880 in 2005 [California
Department of Public Health (CDPH) 2009].
Maps and data are also maintained of positive
test results for WNV in mosquito pools and in
sentinel species (both 2001-2006).

Many state health departments, along with
the CDC Division of Vector-Borne Infectious
Diseases, conduct surveillance for Lyme dis-
ease, which is found primarily in the north-
eastern United States. The incidence of this
condition has increased considerably from
1992 to 2006, although part of the increase
may be due to factors such as increased sur-
veillance (CDC 2008). Data from studies on
the range of the established populations of the
Lyme disease vectors Ixodes scapularis and 1.
pacificus are limited (Brownstein et al. 2003;
Dennis et al. 1998). Maps of dengue fever
outbreaks can be found at the CDC Division
of Vector-Borne Infectious Diseases website
(CDC 2009d). Although rare, HCPS has been
detected in 30 states in the United States. The
CDC Division of Vector-Borne Infectious
Diseases maintains counts of the illness by state
(CDC 2009f). Coccidioidomycosis occurs pri-
marily in the southwestern United States; sur-
veillance data are available from the California
and Arizona state health departments.

Respiratory and allergic disease and
mortality related to air quality and pollens.
Relatively few studies have attempted to docu-
ment increases in mortality and other health
impacts due to climate change increases in
O3 or other pollutants. Ebi and McGregor
(2008) reviewed studies analyzing impacts of
climate change on air quality and health and
concluded that the studies generally indicate
that O3 levels will increase, especially in high-
income countries, resulting in increased mor-
bidity and mortality. Accounting for climate
change and O3 precursor emissions and popu-
lation growth, Knowlton et al. (2004) esti-
mated a median 4.5% increase in Oj-related
acute mortality across 31 New York metro-
politan area counties by the 2050s. Estimating
these impacts and developing indicators
depends upon progress in accurate regional-
scale air models of climate change impacts on
0O3. In a study with a larger scope, Bell et al.
(2007) estimated the impacts of projected
increases of O3 on total mortality in 50 U.S.
cities by 2050. Holding the effects of anthro-
pogenic emissions of O3 precursors constant,
they found that O3 levels (daily 1-hr maxima)
were projected to increase 4.8 ppb, resulting in
2 0.11-0.27% increase in daily total mortality.

Population vulnerability indicators. In the
analysis of population vulnerability to climate
change, it is important to recognize that spe-
cific populations will be vulnerable to differ-
ent climate-sensitive outcomes. For example,
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those with preexisting asthma and chronic
obstructive pulmonary disease will be particu-
larly vulnerable to temperature-related effects
of O3 (Gamble et al. 2008). Children have
also been identified as especially susceptible to
many of the effects of climate change, such as
flooding, heat, and air pollution (Perera 2008).
Vulnerability can be assessed by not only docu-
menting baseline exposures, but also by tak-
ing into account population sensitivities, the
capacity to adapt, and how individuals and
society respond to climate threats (Gamble
etal. 2008).

Vulnerable populations are persons who
are independent on a daily basis, but during
and after an emergency may require assistance
to meet their basic needs. This includes, but
is not limited to, persons with preexisting
chronic diseases, individuals with disabilities
(physical or mental), the elderly, low-income
populations, and children. Any change in
their daily routine may become a stressor.
Population vulnerability indicators are impor-
tant for public health and emergency response
officials to target susceptible communities for
prevention and intervention activities.

Heat vulnerability/drought. Populations
that have been found to have high vulnerabil-
ity to heat mortality and morbidity include
the socially isolated, children, the poor, and
the elderly. Reid et al. (2008) conducted a
principal component analysis to construct
an index of community heat vulnerability
at the census tract level, which combined
vulnerability factors from the U.S. Census
with air conditioning data from the American
Housing Survey and comorbidity data from
the Behavioral Risk Factor Surveillance
System (BREFSS). This approach could be
coupled with heat exposure surfaces to show
the intersection between exposure and vulner-
ability. For example, in urban areas, satellite
imagery that can document urban heat islands
and temperatures at a neighborhood scale has
been linked with data on social vulnerabilities
(Vescovi et al. 2005; Wilhelmi et al. 2004).
Additionally, data on acute health events such
as address-level ambulance response calls for
heat stress could be used for map validation.

Other vulnerable populations affected by
drought include dialysis patients, the elderly,
pregnant and nursing women, infants,
immunocompromised individuals (e.g.,
chemotherapy and AIDS patients), and per-
sons with preexisting health conditions, such
as hypertension and diabetes.

Proposed indicators that can be used to
map vulnerabilities for heat mortality and
drought are available from the U.S. Census
and include population distributions of elderly
persons living alone, poverty status, children,
infants, and individuals with disabilities.

Flooding. As with extreme weather events
in general, populations vulnerable to the
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impacts of flooding include the elderly and the
poor (Ahern et al. 2005; Bernard and Ebi 2001;
Ebi et al. 2006; Gabe et al. 2005). In addition,
people who live in areas that have experienced
little or no flooding in the past are often more
vulnerable to health impacts because they are
less prepared and less experienced in dealing
with floods (Barredo et al. 2007).

Other groups with increased vulnerability
to climate change include infants, immuno-
compromised persons, those with chronic
diseases or receiving drug treatment, and the
obese (Ebi et al. 2006). Researchers have also
noted that immobility due to lack of trans-
portation (Colten 2006; U.S. Government
Accountability Office 2006) or disability
(Gabe et al. 2005) is associated with greater
vulnerability to climate change impacts and
that these same factors are related to poverty.

Recommended indicators include the per-
centage of elderly, those in poverty, infants, and
the disabled living in 100- and 500-year flood
zones. Paper floodplain maps have been gener-
ated by the Federal Emergency Management
Agency (FEMA) for zoning and insurance
purposes. FEMA is currently modernizing its
mapping process, the Digital Flood Insurance
Rate Maps (DFIRMs). More importantly,
FEMA is updating the flood risk zones on the
DFIRMs, which were found to be inadequate
in projecting flood risk, such as the aftermath
of Hurricane Floyd in 1999. To identify popu-
lations vulnerable to displacement from flood-
ing, census data can be coupled with digital
flood zone maps to identify the number and
percentage of populations living in 100- and

500-year flood zones. These maps could be
further refined to identify the percentage of
elderly persons, the percentage of persons liv-
ing in poverty, and those with comorbidities
and other restrictions in these areas.

Sea-level rise. A recent study has projected
that the mean sea level along the California
coast will rise from 1.0 to 1.4 m by the year
2100 under medium to medium-high emis-
sions scenarios (Cayan et al. 2009). Coastal
and inland communities near sea level will be
subject to infrastructure loss, both financial
and social.

The USGS has developed an index of
coastal vulnerability to future sea-level rise,
which incorporates tidal range, wave height,
coastal slope, shoreline erosion rates, geo-
morphology, and historical rates of sea-level
rise (Thieler 2000). Coastal vulnerability is
ranked from low to very high. We used the
coastal vulnerability index and population
data and boundaries for coastal census block
groups for the contiguous United States to
create a measure that provides a general indi-
cation of the population living in close prox-
imity to high-risk areas. Figure 1 shows the
population by county within 5 km of coast
with “very high” vulnerability to sea level
rise. Areas in California and Florida show the
greatest populations at risk.

Mitigation, adaptation, and policy indica-
tors. As mentioned previously, mitigation has
been the primary focus of state climate change
efforts in the United States. Adaptation is just
as important as mitigation to reduce short-
term and longer term health risks. However,
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High Sea Level Rise*

Pacific
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considered vulnerable.

Population in Vulnerable

Coastal Areas

*The vulnerable population was determined by
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the nearest coastal segment was within 5 km and had Martng
a “very high” susceptibility to sea-level rise was |

population 2000 by block group

& 0-1,500

8 1,500-3,000
3,000-4,500
4,500-37,000

Pacific Coast

.. P, Gulf of Mexico

Atlantie
¢ ‘; Cecean

Gulf Coast Atlantic Coast

Figure 1. Population by U.S. county within 5 km of the coast with “very high” vulnerability to sea level rise.

Data from the USGS (2000) and U.S. Census (2000).
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limited attention has been paid to public
health adaptation to climate change until
recently. Adaptation indicators are needed to
measure the status of public health efforts to
avoid, prepare for, and effectively respond to
the risks of climate change.

Data on mitigation indicators are available
from federal sources. Proposed mitigation indi-
cators are energy efficiency levels, use of renew-
able energies, and vehicle miles traveled. For
example, the Department of Energy’s Energy
Information Administration (EIA) collects
information on energy consumption in U.S.
households by census region and type of hous-
ing unit (U.S. Department of Energy 2009).
The EIA also tracks renewable energy use and
the number of vehicle miles traveled by state.

Data on adaptation indicators are sparse
and most likely will need to be collected by
public institutions or other organizations using
surveys. Proposed indicators include commu-
nity access to cooling centers during heat waves
(and transportation to the centers); heat wave
early warning systems; municipal heat island
mitigation plans; surveillance systems per state
that collect data on the human health effects of
climate change; and a public health workforce
trained in climate change research, surveillance,
or adaptation. A city or region may also set up
an adaptation climate change task force that
includes a representative from the health sector.

Heat warnings and alerts are issued by
the NWS and by early warning systems in
various cities. A list of heat alerts and warn-
ings by jurisdiction is available in the NWS’s
storm event database (NWS 2009), but data
completeness and accuracy are questionable.
The Storm Events data are compiled from
the NWS but also may include unverified
data from sources outside the service. Further,
the focus of many of these systems is on fore-
casting weather conditions that can adversely
affect health, with limited focus on the pub-
lic health response activities (Bernard and
McGeehin 2004). Recent surveys show that
although awareness of heat wave warnings is
high, less than 50% of vulnerable populations
change their behavior in response to a warn-
ing (Abrahamson et al. 2008; Sheridan 2007).
Individuals at greatest risk, such as elderly per-
sons living alone and lacking social contacts,
often lack the resources to protect themselves
from the health effects of heat.

Finally, data on some proposed policy indi-
cators are available, which include the number
of cities or municipalities covered by the Kyoto
protocol and the number of states and local
jurisdictions participating in climate change
initiatives, such as climate registries or the
U.S. Mayors’ Climate Protection Agreement.
Data are available from the Mayor’s Climate
Protection Center (2009) and the International
Council for Local Environmental Initiatives
(ICLEI 2009).
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Discussion

Ebi et al. (2008) assessed the potential health

impacts of climate change for U.S. popula-

tions and concluded that climate change poses

a health risk. They concluded that

* It is very likely that heat-related illnesses and
deaths will increase over coming decades.

* A growing body of evidence indicates
that O3 concentrations are more likely to
increase than to decrease in the United
States as a result of climate change, if one
assumes that precursor emissions are held
constant. An increase in O3 could cause or
exacerbate heart and lung diseases.
Because it is not yet possible to project
changes in future extreme climate change
events, researchers cannot estimate the exact
health impacts that may result from these
events. However, potentially serious health
consequences do exist when such events occur.
Health risks associated with extreme events
are likely to increase because of an increasing
population and the degree to which people
are physically or financially constrained or
uninformed about their ability to prepare for
and respond to extreme weather events.

* The very young and old, the poor, those with
health problems and disabilities, and certain
occupational groups are at greater risk.

* Health burdens related to climate change
will vary by region.

In order to evaluate these impacts, we have
presented a recommended list of surveillance
indicators that include not only climate-
sensitive health outcomes but also environmen-
tal, population vulnerability, and mitigation,
adaptation, and policy indicators of climate
change. Besides evaluating the health impact of
climate change, developing these indicators is
also vital for program evaluation, health service
planning, and communication. For example,
one issue that requires attention is to refine
the spatial scale of the recommended indica-
tors, which currently vary widely. In fact, some
indicators cannot be used at local geographic
scales. Until finer scale surveillance methods
can be implemented, the modeling of the indi-
cators should be downscaled to the local level.
For example, O3 modeling should be done at
smaller spatial scales to estimate impacts on
local areas. However, finer resolution of health
outcome data, such as morbidity and mortality,
may involve confidentiality restrictions and may
prevent data sharing unless spatial smoothing
techniques are employed (Roberts et al. 2008).

Further indicator development will be
hampered by sensitivity and data quality and
availability issues. Sensitivity will not be uni-
form for all indicators. For example, although
an increase in heat waves is projected, it is not
a foregone conclusion that morbidity and mor-
tality will increase to the same degree in all loca-
tions. Health impacts from heat waves would
be affected by local preparedness infrastructure,

Environmental health indicators of climate change

personal health behaviors, acclimatization, and
the built environment. Public health agencies
and partner organizations can affect the likeli-
hood of health effects from occurring by devel-
oping and promoting emergency heat warning
systems, improving heat risk communication
and education, and working with planners to
minimize heat island effects.

Further evaluation, validation, and
research are needed to determine the health
effects of proposed indicators such as air mass
stagnation events and HABs. Additional inves-
tigations are needed to determine the role of
warming on plant biomass and ragweed and
the implications of increased pollen, allergies,
and asthma (D’Amato and Cecchi 2008; Shea
et al. 2008) and the effects of increased O3 on
respiratory conditions (Bell et al. 2007).

Data gaps are especially critical for some
environmental and population vulnerability
indicators. No national surveillance data set is
available to analyze hyperthermia impacts on
morbidity for all U.S. populations. For exam-
ple, BioSense (CDC 2009b), the national
system to access real-time hospitalization data,
has incomplete coverage and is inadequate to
conduct timely surveillance on health impacts
from such events as wildfires.

No domestic surveillance database exists
for deaths and injuries for extreme weather
events. The NWS, state health departments,
and CDC shuld work together to form an
accurate system for recording these cases on
a state-by-state basis in the United States. For
environmental infectious diseases, a surveil-
lance system needs to be developed for ongo-
ing examination of the range and distribution
of Lyme disease and dengue fever vectors.

For population vulnerability indicators, the
greatest needs include modernizing and imple-
menting FEMA’s project and identifying and
communicating information to those at high
tisk of heat morbidity and mortality. The pau-
city of data on adaptation and policy indica-
tors is evident, and we encourage organizations
such as the Association of State, Territorial and
Health Officials, CSTE, and other organiza-
tions to undertake surveys to collect this infor-
mation. In addition, the NWS should work
with health organizations to standardize heat
alerts and warnings and benchmark them to
public health outcomes. These warnings need
to be coupled with public health responses.

In conclusion, a review of proposed envi-
ronmental health indicators for climate change
in the United States shows that data exist for
many environmental and health measures, but
more research is needed to evaluate the sensi-
tivity and usefulness of these measures. Further
attention is necessary to increase data quality
and availability and to develop new environ-
mental monitoring and surveillance databases,
especially for climate-sensitive morbidity.
Maintaining the public health infrastructure by
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adequately funding environmental and chronic
disease surveillance systems and a well-trained
public health workforce are critical.

REFERENCES

Abrahamson V, Wolf J, Lorenzoni I, Fenn B, Kovats S,
Wilkinson P, et al. 2009. Perceptions of heatwave risks to
health: interview-based study of older people in London
and Norwich, UK. J Public Health 31(1):119-126.

Ahern M, Kovats RS, Wilkinson P, Few R, Matthies F. 2005.
Global health impacts of floods: epidemiologic evidence.
Epidemiol Rev 27:36-46.

AHRQ (Agency for Healthcare Research and Quality). 2009.
Welcome to HCUPnet. Available: http://hcupnet.ahrg.gov
[accessed 2 October 2009].

Arizona Cooperative Extension. 2006. Rising Carbon Dioxide
Levels and Forest Management. Climate Change and
Variability in the Southwest Ecosystem Series AZ1395 08/06.
Available: http://cals.arizona.edu/gila/naturalresources/
pubs.html#climate [accessed 21 September 2009].

Barredo JL, de Roo A, Lavalle C. 2007. Flood risk mapping at
European scale. Water Sci Technol 56:11-17.

Bell M, Goldberg R, Hogrefe C, Kinney P, Knowlton K, Lynn B,
et al. 2007. Climate change, ambient ozone, and health in
50 U.S. cities. Clim Change 82:61-76.

Bernard SM, Ebi KL. 2001. Comments on the process and
product of the Health Impacts Assessment component of
the National Assessment of the Potential Consequences
of Climate Variability and Change for the United States.
Environ Health Perspect 109:177-184.

Bernard SM, McGeehin MA. 2004. Municipal heat wave
response plans. Am J Public Health 94(9):1520-1522.

Brownstein JS, Holford TR, Fish D. 2003. A climate-based model
projects the spatial distribution of the Lyme disease vector
Ixodes scapularis in the United States. Environ Health
Perspect 111:1152-1157.

Cayan, D, Tyree M, Dettinger M, Hidalgo H, Das T, Maurer E
et al. 2009. Climate Change Scenarios and Sea Level Rise
Estimates for California 2008 Climate Change Scenarios
Assessment. Final report #CEC-500-2009-014-F. Scramento,
CA:California Climate Change Research Center.

CCSP. 2008. Weather and Climate Extremes in a Changing
Climate. Regions of Focus: North America, Hawaii,
Caribbean, and U.S. Pacific Islands (Karl TR, Meehl GA,
Miller CD, Hassol SJ, Waple AM, Murray WL, eds).
Washington, DC:Climate Change Science Program.

CDC (Centers for Disease Control and Prevention). 2009a.
Behavioral Risk Factor Surveillance System (BRFSS).
Available: http://www.cdc.gov/BRFSS/ [accessed 1 October
2009].

CDC (Centers for Disease Control and Prevention). 2009b.
BioSense, 2009. Available:http://www.cdc.gov/BioSense/
[accessed 28 September 2009].

CDC (Centers for Disease Control and Prevention). 2009c. CMF-
Compressed Mortality File (CMF): Mortality for 1999-2006.
Available: http://wonder.cdc.gov/WelcomeA.html [accessed
21 September 2009].

CDC (Centers for Disease Control and Prevention). 2009d.
Dengue Fever. Available:http://www.cdc.gov/ncidod/dvbid/
dengue/index.htm [accessed 4 November 2008].

CDC (Centers for Disease Control and Prevention). 2009e.
Division of Vector Borne Infectious Diseases. Available:
http://www.cdc.gov/ncidod/dvbid/index.html [accessed
9 October 2009].

CDC (Centers for Disease Control and Prevention). 2009f.
Hantavirus Cardiopulmonary Syndrome (HCPS). Available:
http://www.cdc.gov/ncidod/diseases/hanta/hps/index.htm
[accessed 4 November 2008].

CDC (Centers for Disease Control and Prevention). 2006. Injury
and iliness surveillance in hospitals and acute-care facil-
ities after hurricanes Katrina and Rita—New Orleans
area, Louisiana, September 25-October 15, 2005. MMWR
55(2):35-38.

CDC (Centers for Disease Control and Prevention). 2006.
Morbidity surveillance after Hurricane Katrina—Arkansas,
Louisiana, Mississippi, and Texas, September 2005.
MMWR 55(26):727-731.

CDC (Centers for Disease Control and Prevention). 2009g. NCHS
Mortality Data, Multiple Cause-of-Death Public-Use Data
Files. Available: http://www.cdc.gov/nchs/products/elec_
prods/subject/mortmcd.htm [accessed 1 October 2009].

1679



English et al.

CDC (Centers for Disease Control and Prevention). 2008.
Surveillance for Lyme disease, United States, 1992-2006.
MMWR Surveill Summ 57(10):1-9.

CDPH (California Department of Public Health). 2009. California
West Nile Virus Website. Available: http://www.westnile.
ca.gov/ [accessed 21 September 2009].

CMS (Centers for Medicare and Medicaid Services). 2009.
Research, Statistics, Data, and Systems, 2009. Available:
http//:www.cms.hhs.gov/home/rsds.asp [accessed
28 September 2009].

Colarco PR, Schoeberl MR, Doddridge BG, Marufu LT, Torres O,
Welton EJ. 2004. Transport of smoke from Canadian for-
est fires to the surface near Washington, D.C.: injection
height, entrainment, and optical properties. J Geophys Res
109:D06203; doi:10.1029/2003JD004248 [Online 19 March
2004].

Colten CE. 2006. Vulnerability and place: flat land and uneven
risk in New Orleans. Am Anthropol 108:731-734.

Committee on Environment and Natural Resources. 2008.
Scientific Assessment of the Effects of Global Change on
the United States. Available:http://www.climatescience.
gov/Library/scientific-assessment/ [accessed 21 September
2009].

Confalonieri U, Menne B, Akhtar R, Ebi KL, Hauengue M,
Kovats RS et al. 2007. Human health. In: Climate Change
2007: Impacts, Adaptation and Vulnerability. Contribution
of Working Group Il to: Fourth Assessment Report of the
Intergovernmental Panel on Climate Change, (Parry ML,
Canziani OF, Palutikof JP, van der Linden PJ, Hanson CE,
eds). New York:Cambridge University Press, 391-431.

CRED (Centre for Research in the Epidemiology of Disasters).
2009. Emergency Events Database (EM-DAT). Available:
http://www.emdat.be/ [accessed 7 May 2009].

D'Amato G, Cecchi L. 2008. Effects of climate change on envi-
ronmental factors in respiratory allergic diseases. Clin Exp
Allergy 38(8):1264-1274.

DeBell LJ, Talbot RW, Dibb JE. 2004. A major regional air
pollution event in the northeastern United States caused
by extensive forest fires in Quebec, Canada. J Geophys Res
109:D19305; doi:10.1029/2004JD004840 [Online 6 October
2004].

Dennis DT, Nekomoto TS, Victor JC, Paul WS, Piesman J. 1998.
Reported distribution of Ixodes scapularis and Ixodes
pacificus (Acari: Ixodidae) in the United States. J Med
Entomol 35(5):629-638.

Diaz JH. 2004. The public health impacts of global climate
change. Fam Community Health 27(3):218-229.

Eavey J, Ratard RC. 2008. Post-Katrina mortality in the greater New
Orleans area, Louisiana. J La State Med Soc 160(5):267-272.

Ebi KL, Helmer M, Vainio J. 2008. The health impacts of climate
change: getting started on a new theme. Prehosp Disaster
Med 23 (4):s60-s64.

Ebi K, McGregor G. 2008. Climate change, tropospheric ozone
and particulate matter, and health impacts. Environ Health
Perspect 116:1449-1455.

Ebi KL, Mills DM, Smith JB, Grambsch A. 2006. Climate change
and human health impacts in the United States: an update
on the results of the U.S. National Assessment. Environ
Health Perspect 114:1318-1324.

Falkenmark M, Lundqvist J, Wilkdstrand C. 1989. Macro-scale
water scarcity requires micro-scale approaches: aspects
of vulnerability in semi-arid development. Nat Resour
Forum 13(4):258-267.

FEMA (Federal Emergency Management Agency). 2009.
Map Service Center. Available: http://www.msc.fema.
gov/webapp/wcs/stores/servlet/FemaWelcomeView?st
oreld=10001&catalogld=10001&langld=-1&userType=G
[accessed 1 October 2009].

French J, Ing R, Von Allmen S, Wood R. 1983. Mortality from
flash floods: a review of National Weather Service reports,
1969-81. Public Health Rep 98:584-588.

Frumkin H, Hess J, Luber G, Malilay J, McGeehin M. 2008.
Climate change: the public health response. Am J Public
Health 98(3):435-445.

Gabe T, Falk G, McCarty M. 2005. Hurricane Katrina: Social-
Demographic Characteristics of Impacted Areas. CRS
Report for Congress RL33141. Washington, DC:United
States Congressional Research Service.

Gamble J, Ebi KL, Sussman FG, Wilbanks TJ, Reid C, Thomas
CJ, et al. 2008. Executive summary. In: Analyses of the
Effects of Global Change on Human Health and Welfare
and Human Systems (Gamble JL, ed). Washington, DC:U.S.
Environmental Protection Agency, ES-1-ES-14.

Georgia Water Advisory Group. 2007. Drought Response

1680

Guidance for Public Health and Food Industry Professionals.
Available: http://health.state.ga.us/programs/emerprep/
DroughtResponse.asp [accessed 21 September 2009].

Global Biodiversity Information Facility. 2009. Global
Biodiversity Information Facility Homepage. Available:
http://www.gbif.org/ [accessed 25 April 2009].

Greenough G, McGeehin M, Bernard SM, Trtanj J, Riad J,
Engelberg D. 2001. The potential impacts of climate vari-
ability and change on health impacts of extreme weather
events in the United States. Environ Health Perspect
109(suppl 2):191-198.

Hallegraeff GM. 1993. A review of harmful algal blooms and
their apparent global increase. Phycologia 32(2):79-99.
Hoshiko S, Smith D, English P, Trent R. A simple method for
estimating excess mortality due to heat waves, as applied
to the 2006 California heat wave. Int J Public Health; doi:

10.1007/s00038-009-0060-8 [Online 13 August 2008].

ICLEI (International Council for Local Environmental Initiatives).
2009. Cities for Climate Protection. Available: http://www.
iclei.org/index.php?id=800 [accessed 20 April 2009].

IPCC. 2007. Climate Change 2007: the Physical Science Basis.
Contribution of Working Group | to the Fourth Assessment
Report of the Intergovernmental Panel on Climate Change
(Solomon S, Qin D, Manning M, Chen Z, Marquis M,
Averyt KB, et al., eds). New York:Cambridge University Press.

Jaffe D, Chand D, Hafner W, Westerling A, Spracklen D. 2008.
Influence of fires on 03 concentrations in the western U.S.
Environ Sci Technol 42(16):5885-5891.

Kinney P. 2008. Climate change, air quality, and human health.
Am J Prev Med 35(5): 459-467.

Knowlton K, Rosenthal JE, Hogrefe C, Lynn B, Gaffin S, Goldberg
R, et al. 2004. Assessing ozone-related health impacts under
a changing climate. Environ Health Perspect 112:1557-1563.

Knowlton K, Rotkin-Ellman M, King G, Margolis HG, Smith D,
Solomon G, et al. 2009. The 2006 California heat wave:
impacts on hospitalizations and emergency department
visits. Environ Health Perspect 117:61-67.

Knowlton K, Rotkin-Ellman M, Solomon G. 2007. Sneezing and
Wheezing: How Global Warming Could Increase Ragweed
Allergies, Air Pollution, and Asthma. Washington,
DC:Natural Resources Defense Council.

Leung LR, Gustafson WI Jr. 2005. Potential regional climate and
implications to U.S. air quality. Geophys Res Lett 32:L16711;
doi:10.1029/2005GL022911 [Online 26 August 2005].

McGeehin MA and Mirabelli M. 2001. The potential impacts
of climate variability and change on temperature-related
morbidity and mortality in the United States. Environ Health
Perspect 109(suppl 2):185-189.

Meehl GA, Washington WM, Collins WD, Arblaster JM, Hu A,
Buja LE, et al. 2005. How much more global warming and
sea level rise? Science 307(5716):1769-1772.

Moore SK, Trainer VL, Mantua N, Parker MS, Laws EA, Backer
LC, et al. 2008. Impacts of climate variability and future cli-
mate change on harmful algal blooms and human health.
Environ Health 7(suppl 2):S4; doi:10.1186/1476-069X-7-
$2-S4. [Online 7 November 2008].

NAB (National Allergy Bureau). 2009. National Allergy Bureau
Homepage. Available: http://www.aaaai.org/nab/index.cfm
[accessed 1 October 2008].

National Interagency Fire Center. 2009. National Interagency
Fire Center Homepage. Available: http://www.nifc.gov
[accessed 20 April 2009].

NCDC (National Climatic Data Center). 2009a. National Climatic
Data Center Homepage. Available: http://www.ncdc.noaa.
gov [accessed 20 April 2009].

NCDC (National Climatic Data Center). 2009b. Storm Data
Publications. Available:http://www.ncdc.noaa.gov/oa/
climate/sd/ [accessed 30 September 2009].

NDMC (National Drought Mitigation Center). 2006. What Is
Drought? Available: http://drought.unl.edu/whatis/indices.
htm [accessed 4 November 2008].

NDMC (National Drought Mitigation Center). 2009. The Drought
Reporter. Available: http://droughtreporter.unl.edu [accessed
4 November 2008].

NOAA (National Oceanic and Atmospheric Administration). 2009a.
Harmful Algae Bloom Forecasting System. Available: http:/
tidesandcurrents.noaa.gov/hab/ [accessed 20 April 2009].

NOAA (National Oceanic and Atmospheric Administration).
2009b. National Climate Impact Indicators. Available:http://
www.ncdc.noaa.gov/oa/climate/research/cie/ [accessed
28 September 2009].

NOAA (National Oceanic and Atmospheric Administration).
2009c. Storm Events. Available: http://www4.ncdc.noaa.gov/
cgi-win/wwegi.dll?wwEvent~Storms [accessed 20 April 2009].

NWS (National Weather Service). 2009. National Weather
Service Homepage. Available: http://www.nws.noaa.gov/
[accessed 1 October 2009].

Patz J. 2000. The effects of changing weather on public health.
Annu Rev Public Health 21:271-307.

Perera FP. 2008. Children are likely to suffer most from our fossil
fuel addiction. Environ Health Perspect 116:987-990.

Reid CE, 0’'Neill MS, Gronlund C, Brines SJ, Diez-Roux A, Brown
D, et al. 2008, November. Mapping community determi-
nants of heat vulnerability. Epidemiol 19(6 suppl):S229.

Roberts EM, English PB, Wong M, Wolff C, Falade M. 2008.
Spatially continuous local rate modeling for communica-
tion in public health: a practical approach. J Public Health
Manag Pract 14(6):562—568.

Rogers CA, Wayne PM, Macklin EA, Muilenberg ML, Wagner
CJ, Epstein PR, et al. 2006. Interaction of the onset of spring
and elevated atmospheric CO2 on ragweed (Ambrosia
artemisiifolia L.) pollen production. Environ Health Perspect
114:865-869.

SDI Health LLC. 2009. pollen.com. Available: http://www.pollen.
com/allergy-weather-forecast.asp [accessed 30 September
2009].

Shea KM, Truckner RT, Weber RW, Peden DB. 2008. Climate
change and allergic disease. J Allergy Clin Immunol
122(3):443-453.

Shen T, Howe HL, Alo C, Moolenaar RL. 1998. Toward a broader
definition of heat-related death: comparison of mortality
estimates from medical examiners’ classification with those
from total death differentials during the July 1995 heat wave
in Chicago, lllinois. Am J Forensic Med Pathol 19(2):113-118.

Sheridan SC. 2007. A survey of public perception and response
to heat warnings across four North American cities: an
evaluation of municipal effectiveness. Int J Biometeorol
52(1):3-15.

Shope RE. 1992. Impacts of global climate change on human
health: spread of infectious disease. In: Global Climate
Change: Implications, Challenges and Mitigation Measures
(Majumdar SK, Kalkstein LS, Yarnal B, Miller EW, and
Rosenfeld LM, eds). Easton, PA:The Pennsylvania Academy
of Science, 363-370.

State of California. 2006. AB 32. California Global Warming
Solutions Act of 2006. Chapter 488, Statutes of 2006.
Available: http://www.leginfo.ca.gov/pub/05-06/bill/
asm/ab_0001-0050/ab_32_bill_20060927_chaptered.html
[accessed 6 May 2009].

Svircev Z, Krstic S, Miladinov-Mikov M, Baltic V, Vidovic M.
2009. Freshwater cyanobacterial blooms and primary liver
cancer epidemiological studies in serbia. J Environ Sci
Health C Environ Carcinog Ecotoxicol Rev 27(1):36-55.

Thieler ER. 2000. National Assessment of Coastal Vulnerability
to Future Sea-Level Rise. U.S. Geological Survey Fact
Sheet 076-00 Online Version 1.0. Available: http://pubs.
usgs.gov/factsheet/fs76-00/ [accessed 15 November 2008].

Thompson AM, Witte JC, Hudson RD, Guo H, Herman JR,
Fujiwara M. 2001. Tropical tropospheric ozone and bio-
mass burning. Science 291:2128-2132.

Trent RB. 2007. Review of July 2006 Heat Wave Related Fatalities
in California. Sacramento, CA:California Department of
Health Services, Epidemiology and Prevention for Injury
Control Branch.

U.S. Census. 2009. Census Bureau Home Page. Available:http://
www.census.gov/ [accessed 28 September 2009].

U.S. Conference of Mayors Climate Protection Center. 2009.
U.S. Conference of Mayors Climate Protection Center
Homepage. Available: http://www.usmayors.org/
climateprotection/ [accessed 20 April 2009].

USDA (U.S. Department of Agriculture). 2009. PLANTS
Database. Available: http://plants.usda.gov/index.html
[accessed 25 April 2009].

U.S. Department of Energy. 2009. Energy Information
Administration (EIA). Available: http://www.eia.doe.gov/
[accessed 1 October 2009].

U.S. EPA. 2008. U.S. EPA’s 2008 Report on the Environment
(Final Report). EPA/600/R-07/045F. Washington, DC:U.S.
Environmental Protection Agency.

U.S. EPA (U.S. Environmental Protection Agency). 2009.
Climate Change—Greenhouse Gas Emissions. Available:
http://www.epa.gov/climatechange/emissions/state_
energyco2inv.html [accessed 20 April 2009].

U.S. GAO. 2006. Disaster Preparedness: Preliminary
Observations on the Evacuation of Vulnerable Populations
Due to Hurricanes and Other Disasters. Testimony before
the Special Committee on Aging, U.S. Senate. GAO-06-790T.
Washington, DC:U.S. Government Accountability Office.

voLuME 117 | numBer 11 | November 2009 - Environmental Health Perspectives



USGS (U.S. Geological Survey), CDC Arbo-NET. 2009. Disease
Maps. Available: http://diseasemaps.usgs.gov/[accessed
1 October 2009].

USGS (U. S. Geological Survey). 2000. National Assessment
of Coastal Vulnerability to Sea-Level Rise. Woods Hole
Science Center, 2000. Available: http://woodshole.er.usgs.
gov/project-pages/cvi/ [accessed 28 September 2009].

Val Martin M, Honrath RE, Owen RC, Pfister G, Fialho P, Barata F.
2006. Significant enhancements of nitrogen oxides, black
carbon, and ozone in the North Atlantic lower free tropo-
sphere resulting from North American boreal wildfires.
J Geophys Res 111:D23S60; doi:10.1029/2006JD007530;
[Online 21 September 2009].

Environmental health indicators of climate change

Vescovi L, Rebetez M, Rong F. 2005. Assessing public health
risk due to extremely high temperature events. Clim Res
30:71-78.

Vose RS, Easterling DR, Gleason B. 2005. Maximum and mini-
mum temperature trends for the globe: an update through
2004. Geophys Res Lett 32:L23822; doi:10.1029/2005GL024379
[Online 14 December 2005].

Wang JXL, Angel JK. 1999. Air Stagnation Climatology for the
United States (1948-1998). Silver Spring, MD:NOAA/Air
Resources Laboratory ATLAS, No. 1.

Westerling AL, Hidalgo HG, Cayan DR, Swetnam TW. 2006.
Warming and earlier spring increase western U.S. forest
wildfire activity. Science 313(5789):940-943.

Wigley TM. 2005. The climate change commitment. Science
307(5716):1766-1769.

Wilhelmi O, Purvis K, Harriss R. 2004. Designing a geospatial
information infrastructure for mitigation of heat wave
hazards in urban areas. Natural Hazards Rev 5:147-158.

Zanobetti A, Schwartz J. 2008. Temperature and mortality in
nine US cities. Epidemiol 19(4):563-570.

Ziska LH, Caulfield FA. 2000. Rising CO2 and pollen production
of common ragweed (Ambrosia artemisiifolia), a known
allergy inducing species: implications for public health.
Aust J Plant Physiol 27:893-898.

Environmental Health Perspectives - voLume 117 | numser 11 | November 2009

1681



